Abstract. Mobile WiMAX is a promising wireless technology approaching market deployment. Much discussion concentrate on whether mobile WiMAX will reach a tipping point and become 4G or not. As a pre-mobile WiMAX system is being delivered, we decided to set up a real life field trial and perform the most important measurements over the system setup. The system was delivered with 4th order diversity. In this paper we analyze physical system performance based on field trial measurements, especially at locations with non line of sight conditions in urban areas. We investigate the gain with 2nd and 4th order base station diversity and derive analytical expressions. The system path loss is plotted and found to approach the Cost-231 Hata model for urban areas. Throughput is also measured and analyzed. Sub-channelization in the uplink points out to be an important feature for enhanced coverage.
Introduction
Mobile WiMAX is a mobile broadband wireless access system which offers high throughput, great coverage, flexible Quality of Service (QoS) support and extensive security. Mobility is added to the former success of fixed WiMAX, which uncover a new range of mobile services in addition to the fixed broadband services.
Mobile WiMAX is certified by the WiMAX forum [1], which is a certification mark based on the IEEE 802.16 [2] that pass conformity and interoperability tests.
There are two main classes of WiMAX systems called fixed WiMAX and mobile WiMAX. Fixed WiMAX is targeted for providing fixed and nomadic services, while mobile WiMAX can be used also for providing portable and (simple and full) mobile services. The system studied here is a partial-or pre-implementation of mobile WiMAX. The air interface of mobile WiMAX uses Orthogonal Frequency Division Multiple Access (OFDMA), which is very robust against multi-path propagation that causes frequency selective fading. Multiple access is implemented where sub-channels, existing of a set of sub-carriers, are allocated for transmissions to and from different users. Time Division Duplexing (TDD) provides an efficient use of the available bandwidth where flexible amounts may be divided between uplink and downlink. The mobile WiMAX MAC layer is connection oriented and has support for flexible QoS guarantees as constant bit rate, guaranteed bandwidths and best effort.
The pre-mobile WiMAX system studied in this paper operated in the 3.5 GHz frequency band, with a fully implemented TDD scheme where uplink/downlink ratio could be flexible adjusted over a total bandwidth of 5 MHz. A partial implementation of OFDMA was used in the uplink with groups of 16, 8 or 4 sub-channels where one Subscriber Unit (SU) can transmit per symbol. Orthogonal Frequency Division Multiplex (OFDM) was used in the downlink. The Base Station (BS) was provided with 4 th order diversity, and could easily be configured with 2 nd and no order diversity. At the time of writing this article, as far as we know, no published material exists about mobile WiMAX and real life field trial measurements. As a pre-mobile WiMAX system was manufactured in early 2007, we decided to set up a test bed and perform the most important measurements to analyze the system performance. Throughput was measured with the transport protocol UDP and physical performance was measured for the most important attributes Received Signal Strength Indicator (RSSI) and Signal to Noise Ratio (SNR).
At a subset of the locations we performed more extensive measurements to analyze the impact 2 nd -and 4 th order diversity had on the system performance. The main contribution of this paper is to present measurement results and comprehensive analysis of a real life pre-mobile WiMAX field trial, where expected path loss and throughput is presented. A second contribution is a study on performance for diversity applied in WiMAX, and the proposal of analytical expressions for expected gain with the use of different diversity order.
The organization of the rest of this paper is as follows: Chapter 2 presents the system setup. The measurement procedures are given in chapter 3. Chapters 4 and 5 present the result for physical and throughput performance respectively. The impact of diversity and different diversity orders are given in chapter 6 before conclusions are drawn in chapter 7.
System Setup

System Description
BreezeMAX TDD delivered by Alvarion [3] is a WiMAX-ready platform operating in TDD mode with a 5 MHz bandwidth in the 3.5 GHz frequency band. It is a Point to MultiPoint (PMP) radio access system, where a BS serves mobile, nomadic and fixed Subscriber Units (SU).
The BS was setup with 3 Access Unit Indoor Units (AU-IDU), each constituting a sector with 120˚ beamwidth. The BS was configured with 4th order diversity. Both 4th order transmit diversity using Cyclic Delay Diversity (CDD) and 4th order receive diversity using Maximum Receive Ratio Combining (MRRC) were used at the BS. This was setup with each of the three AU-IDU each connecting to 4 AU Outdoor Units (AU-ODU), which was paired such that AU-ODU 1 and 2 form one pair and AU-ODU 3 and 4 form a second pair. Each pair was then connected to a dual polarization slant antenna as illustrated in Fig. 1 . The total BS then consists of 1 NPU, which is the heart of the BS, 3 AU-IDUs, 12 AU-ODU and 6 antennas. It can be seen from Fig. 1 that one dual polarization slant antenna was used for 2 nd order polarization diversity. Two dual polarization slant antennas were used for 4 th order diversity with space diversity and polarization diversity in each antenna. All AU-ODUs was setup with the same frequency and transmit power, and all share a common MAC and modem. Output power at antenna port was 34 dBm for each AU-ODU. Total output power for each sector with four antennas is therefore 40 dBm. Each antenna has a 13 dBi gain.
The measurements were performed using a Self Install (Si) CPE which is a compact SU intended for indoor installations. The Si CPE includes 6 internal 60˚ antennas providing full 360˚ coverage and connects to the end-user equipment through a 100 Base-T Ethernet interface. It uses Automatic Transmit Power Control (ATPC) where maximum transmission power is 22 dBm. Antenna gain is 9 dBi.
Sub-channelization was implemented in the UL by using OFDMA technique, with a limitation that only one SU can transmit per symbol (Fig. 2) . The gain will therefore not be multiple access over OFDMA, but that one SU with weak link quality can focus the power to fewer sub-channels to obtain connectivity. The sub-channels may be grouped in 16, 8 or 4. A 3 dBm gain in RSSI should be obtained when lowering one step in amount of sub-channels used. OFDM 256 FFT was used in the downlink. The TDD ratio was set to 50/50, thus half the bandwidth was available for DL and the other half for UL. The theoretical bitrates are listed for each modulation rate in together with the DL and UL bitrates when TDD rate is set to 50/50 in Table 1 . 
Measurement Area
The BS is setup in Hamar City in Norway for a pilot project to be driven by the internet service provider NextNet AS. Hamar is a smaller city with a population of 27.600 and a total area of 351 square kilometer. The city centre where most of the measurements were performed consists of 5 floor high buildings, and most of the city may be considered as rural areas. The BS is elevated 20 meters above ground level, and is positioned at the roof of a building.
Measurements
To measure physical and throughput performance, the SU was placed at the dashboard in a car. We drove around in Hamar and stopped at 40 locations where measurements were performed. Some of the measurements were also performed inside restaurants. We implemented a measurement procedure to be performed at each of the locations. This procedure firstly accesses the SU and performs the physical measurements. This includes measuring the UL and DL RSSI, UL and DL SNR, UL and DL modulation rate, transmission (Tx) power and the amount of sub-channels used in the UL. Secondly the script performed throughput measurements with the transport protocol UDP for both UL and DL. Iperf [4] was used for throughput measurements.
We wanted to measure the difference and gain when using 4 th order-, 2 nd order-and no diversity. These measurements were also performed with the SU placed at the dashboard in the car. Upon arriving at a random location, we first measured without diversity. The physical and throughput measurements were performed. We then switched to 2 nd and 4 th order diversity and performed physical and throughput measurements for each. Diversity measurements were performed at 8 locations.
Physical Performance
Received Signal Strength Indicator
RSSI was measured at each location for both DL and UL. It is useful to relate RSSI to the distance between SU and BS which will give us an idea of the system path loss. To get a view of the system performance, it is interesting to compare the RSSI versus distance relation with well established path loss models. We used the Free Space Loss (FSL) model and the Cost 231 Hata [5] models for urban and suburban areas as comparison to our measurements.
The UL RSSI values reported by the BS are the maximum RSSI from the best antenna, and not the correlated RSSI from all antennas that would be the real situation. Secondly, the UL RSSI report is density RSSI, thus when comparing the results one needs to normalize the measurements where sub-channeling is used. This includes adding -3 dBm when 8 sub-channels are used and -6 dBm when 4 subchannels are used. Fig. 3 shows DL and UL RSSI values plotted versus distance between SU and BS, together with the well known path loss models configured with the properties of the system in use. From the comparison in Fig. 3 we see that our RSSI values are similar to the Cost 231 Hata models. This was expected due to the fact that we operate with a mobile system as used for constructing the Hata models. The measurements at farther distances are more similar to the Cost 231 Hata model for suburban areas and approaches FSL. This confirms to our measurements, where locations at shorter distances were in urban areas and those at farther distances in rural areas. At farther distances there were also less obstacles between the SU and BS.
Signal to Noise Ratio
SNR may sometimes be a better measure than RSSI because background noise and interference to the received signal is considered. Only one BS with three sectors operating in different frequencies is present in our measurements, and the SU is operating alone in the system. Thus little interference is expected.
It is interesting to see how the SNR values versus distance (Fig. 4) follow the same pattern as RSSI versus Distance.
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Fig. 4. SNR vs Distance and the logarithmic regressions for DL (black) and UL (light)
The points seem to follow a logarithmic decrease as expected from the linearity between SNR and RSSI values. Since the SNR versus distance relation seems to follow a logarithmic decrease, we applied logarithmic regression on the UL points and DL points separated. These equations will be on the form:
where 'a' is the SNR value in dB at no distance, 'b' the coefficient relative to the distance 'd'. Logarithmic regression for SNR in the DL and UL resulted in the formulas:
20.8 -4.65ln() SNRDLd = and (2)
It can be seen that the coefficient for SNR UL (Eq. 3) -5.78 has a greater decrease than SNR DL (Eq. 2) -4.65. A reason for this may be higher gain from the BS transmit diversity than BS receive diversity. Another point is that UL SNR dropped to zero at locations with bad sight capabilities which did not happen for DL SNR values.
Throughput Performance
Throughput was tested with the transport protocol UDP at all locations. UDP is suitable for throughput testing purposes because it best simulates the actual bitrate due to the minor overhead added by the protocol.
It is interesting to see what bitrates we obtained at locations relative to the distance between the SU and BS. Fig. 5 plots UDP bitrate versus distance, where it can be seen that there is difficult to state a formula for given bitrate relative to the distance. All locations where randomly chosen and is considered as NLOS capabilities. The actual propagation paths towards the single BS deployed was different from location to location, and it is therefore difficult to state a model from this based on the little amount of measurements. More suitable propagation paths could have been obtained if more BSs had been deployed.
Fig. 5. UDP bitrates plotted versus Distance for DL (black squares) and UL (light triangles)
It can be seen from Fig. 5 that UL throughput is much weaker than DL at most of the locations. One reason for this is that the BS transmits with greater power than the SU. Secondly, BS transmit diversity should be more effective than BS receive diversity. It shall also be noted that DL always is full bandwidth, whereas UL may use a less amount of sub-channels.
It is difficult to express any coverage range based on the amount of measurements, but with NLOS conditions one should generally stay within 1 km to be able to perform adequate in the UL. It is important to note that the measurements were performed with an indoor unit in NLOS environments.
Maximum and minimum UDP performance in the UL was 6.16 Mbps and 0.094 Mbps respectively, and 6.20 Mbps and 0.61 Mbps in the DL. UL was averaged to 1.59 Mbps and DL was averaged to 2.66.
Diversity Impact
Measurements were performed at 8 locations, where no diversity, 2 nd order and 4 th order diversity were measured. It is interesting to survey the gain when adding an order of diversity. The following subsections investigate the gain in RSSI, SNR, modulation rate and throughput for different levels of diversity in both DL and UL. We performed linear regression on the DL and UL points plotted in Fig. 6 . The linear regression gave functions as listed in Table 2 , where the variable 'x' is the diversity order which may be 1, 2 or 4. The functions are on the form:
where 'a' is the increasing factor for each added diversity order 'x', and 'b' is the parameter value for no diversity. The functions given in Table 2 is based on the assumption that the gain when going from no to 2 nd order diversity is the same as going from 2 nd to 4 th order diversity and vice versa. We therefore applied single linear regression on 0 to 2 nd order diversity points and 2 nd to 4 th order diversity points. The linear regression coefficients which are the 'a' parameter in Eq. 4 is listed in Table 3 together with the ratio between 2 nd to 4 th order diversity and no to 2 nd order diversity gain (4 th /2 nd ). Table 3 . Coefficients from linear regression applied on no to 2nd and 2nd to 4th order diversity in DL and UL for RSSI, SNR, Modulation Rate and UDP bitrate with the ratio between the diversity shifts. It can be read from the ratios in Table 3 that it may be desirable to deduce a formula for the single diversity order shifts instead of using the formulas found in Table 2 . The UL formulas deviate most, whereas the DL formulas are more valid.
Parameter
The following sub-sections analyses RSSI, SNR, modulation rate and UDP bitrate with regard to performance of and with different diversity orders. Linear regression applied on DL RSSI values gave us Eq. 5, which tells us that a 1.41 dBm increase in RSSI is expected in average for each added order of diversity order 'x'. An increase in DL RSSI was expected since more power was transmitted when more antennas were used for diversity. A formula for the DL RSSI with deviations may be given as:
Received Signal Strength Indicator
where 'x' is the diversity order. The UL RSSI reported by the BS is the maximum RSSI from the best antenna, and not the correlated RSSI from all antennas. The expected result should be a coefficient describing a zero increase. Other measurements will therefore better describe the real improvement. UL RSSI is therefore not applicable in Table 2 and Table 3 . Fig. 6(c) plots the modulation rate as a function of diversity order for both DL and UL, and the respective linear regressions are given in Eq. 8 and Eq. 9. The modulation rates are identified by the numbers as given in Table 1 . From Table 3 we find large deviations from no to 2nd and 2nd to 4th order diversity shifts in both DL and UL.
Modulation Rate
Much greater gain is found in the shift from 2nd to 4th than from no to 2nd order diversity. A reason for this may be that to advance one level in modulation rate from the previous, an increase of 3 dBm in RSSI is needed. The probability for this is less when increasing 1.12 dBm by shifting to 2nd order diversity than when increasing 1.69 dBm by shifting to 4th order diversity, which is 37% versus 56% probability respectively. Eq. 8 and 9 are therefore not valid.
Instead of linear regression, quadratic regression better simulates the modulation rate increase as a function of diversity order. The equations for Rx and Tx modulation rates will be on the form:
which is an exponential function with the growth factor 'a', 'c' is the average initial modulation rate and 'b' is a constant describing when the function should increase. Modulation rate for Rx and Tx are respectively given as: 
where 'x' is the diversity order. Eq. 14 and 15 are illustrated together with the actual measurement points in Fig. 7 . An exponential growth is found for the modulation rate as a function of diversity order, where the exponential factor 'a' of Rx and Tx modulation rate are similar. The 'b' value is less in Eq. 14 than in Eq. 15, which means that Tx modulation rate increase has a slower start than Rx modulation rate increase as functions of diversity order. This corresponds to the observation for ModRate in Table 3 , where the shift from no to 2 nd order diversity gain has less gain than 2 nd to 4 th order diversity. The average initial modulation rate for no diversity 'c' is naturally much greater for Eq. 14 than 15 due to the greater DL link quality. Fig. 6(b) plots SNR versus diversity order, where DL SNR and UL SNR as functions of diversity order are given in Eq. 6 and Eq. 7 respectively. DL SNR increases with a factor of 1.25 dB for each order of diversity, and UL SNR with a factor of 0.34 dB. These results are descriptive for the diversity gains, where BS transmit diversity is more effective than BS receive diversity as expected. Fig. 6(d) shows the UDP bitrate as a function of the diversity order for DL and UL as given in the Eq. 10 and Eq. 11 respectively. Deviations between DL and UL are minor as can be seen in Table 2 .
Signal to Noise Ratio
Throughput
UDP bitrate may be the best measure for the performance gain from the different level of diversity since it is based on the overall physical performance. The average increase in DL UDP bitrate is 0.35 Mbps for each added order of diversity, and 0.13 Mbps for UL UDP bitrate. BS transmit diversity is therefore found to be more effective than receive diversity as should be expected.
Conclusion
Field trial performance measurements have been performed with a pre-mobile WiMAX system, where the most important features are sub-channelization and BS transmit and receive diversity. UDP bitrate for throughput and the link quality attributes RSSI and SNR have been measured at a range of random locations with NLOS capabilities. Based on these results we have found that the Cost 231 Hata model for urban environments fits the system propagation. The diversity impact on system performance has been analyzed, and formulas for expected performance gain as functions of diversity order have been proposed for RSSI, SNR, modulation rate and UDP bitrate. Sub-channelization in the uplink showed to improve coverage in that subscribers with weak link quality was able to focus the transmit power on a narrower bandwidth to obtain connectivity.
